The effects of supports on the flow behind a body by Rebuffet, P.
8 f NASA TECHNICAL MEMORANDUM NASA T M - 7 7 0 7 3  
i THE E F F E C T S  OF SUPPORTS ON THE FLOW BEHIND A BODY 
P. R e b u f f e t  
' V  
~ r c ~ r s l a t i o n  of " E f  f e t s  de suppor ts  s u r  1 ' e c o u l e m e n t  a 
l'arrisre d 'un  corps, AGARD, Par i s ,  France, R e p o r t  3 0 2  
( P r e s e n t e t i  a t  L a  R g u . , i o n  s u r  les E f f e t s  des Interact ions 
en S o u f f l e r i e  du G r o u p e  de T r a i l ,  AGARD, R h o d e  St. G e n e s e ,  
Belgium 2-5 M a r  1 9 5 9 ) ,  M a r c h  1 9 5 9 ,  op 1-31 
(HAS A-TH-77073) TEE EPPBCTS OF SUPPORTS ON H83-33909 
TBE PLOU BEBIND A BODY ( N a t i o n a l  Aeronaut ics  
and Space Adminis trat ion)  47 p 
BC A03/HP A01 CSCL 1UB U n c l a s  
63/09 36097 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D . C . 20546 MAY 1 9 8 3  
https://ntrs.nasa.gov/search.jsp?R=19830025638 2020-03-21T03:13:41+00:00Z
. . 
ORIGINAL PAGE I 
OF POOR QUALITY 
STANDARD TITLE PAGE 
I, R w t t  No. 2. Govennont A c o r r l m  No. h Roclplont'a Cotalee No. 
NASA TY-77073 
1. Tlttm m d  kbt l t lo  5. Ror;t Dot. 
THE EFFECTS OF SUPPORTS O N - T H E  FLOW 
BEHIND A BODY 
7. Auhoda~ I. Pmrfonin@ Orgmirotion Roport No. 
P. Rebuf fe t  10. Woct Unit No. 
9. Petlorm~ng Orgoniroi~on Nomo a d  Addroaa 18. Contract or Grant No. 
L e o  Kanner A s s o c i a t e s  NAS-3 54 1 
Redwood C i t y ,  CA 94063 1% Typo of Roport and Period Coror*A 
T r a n s l a t i o n  
19. +awing A@*ncy Nomo ond Addrear' 
Nat iona l  Aeronau t i c s  and Space 14. Spmaorlnm Agency Code 
Admin i s t r a t i on ,  Washington, D.C. 20546 
15. Supplamontry Noto. 
T r a n s l a t i o n  of " E f f e t s  d e  s u p p o r t s  s u r  l ' e cou lemen t  2 
l'arrisre d l u n  c o r p s ,  AGARD, P a r i s ,  France ,  R e ~ o r t  302 
(P re sen ted  a t  La Rgunion s u r  les E f f e t s  d e s  I n t e r a c t i o n s  
en  Souff l e r ie  du Groune de T r a i l ,  AGARD, Rhode S t .  Genese, 
Belgium 2-5 Mar 1959) ,  hiarch 1959, pn 1-31 (N80- 71569) I 
16. Abstract 
T h i s  r e p o r t  s t u d i e s  two c a s e s  i n  a s u p e r s o n i c  f l o w  w i t h  a  t u r -  
b u l e n t  boundary l a y e r  i n  o r d e r  t o  de t e rmine  t h e  e f f e c t s  of sup  
p o r t s  on models w i t h  a  f l a t  hase.  The f i r s t  conce rns  t h e  e f f e  
o f  v a r i o u s '  o b s t a c l e s  s'i t u a t e d  upstream o f  t h e  two-dimensional 
base ,  a t  Yach 2. The second relates to' a  body of  r e v o l u t i o n  
p a s s i n g  th rough  t h e  t h r o a t  o f  t h e  j e t  ' f r o b  upstream to  down- 
stream..  The interfex 'ence of  obstac1e.s  s i m u l a t i n g  s u p p o r t i n q  
m a s t s  i s . examined  f o r  t h e  hase ,  bo th  b a r e  and w i t h  a  s t i n g ,  a t  
Mach 1.94. Without any  s u p p o r t ,  t h e  d raq  of  a  c o n i c a l - c y l i p d r  
c a l  body o f  r e v o l u t i o n  w q s  measuured by means of t h e  OWE- maq 
n e t i c  s u s p e n s i o n . .  The i n t e r f e r e n c e  of  v a r i o u s  s t i n g s  was s t u -  
d i e d  a t  ~ a c . h '  2;4 w i t h  t laminaxy boundary ' l a y e r  and w i t h  a  s e p  
a r a t e d  t u r b u l e n t  boundary l a y e r .  vhe mechanism o f .  t h e  i n t e r -  
f e r e n c e  of a  s t i n g ,  p r o g r e s s i v e l y  a5proached a x i a l l y  t o  t h e  
\ base ,  was determined.  , 
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SUMMARY 
With a view t o  determining t h e  e f f e c t s  of suppor t s  on /&* 
models wi th  a  f l a t  base, two c a s e s  a r e  examined, i n  a  super- 
son ic  f low with a t u r b u l e n t  boundary l a y e r .  The f i r s t  con- 
c e r n s  t h e  e f f e c t  of  v a r i o u s  o b s t a c l e s  s i t u a t e d  upstream of 
t h e  two-dimensional base,  a t  Mach 2. The second r e l a t e s  t o  
a  body of r e v o l u t i o n  pass ing  through t h e  t h r o a t  of t h e  je t  
from upstream t o  downstream. The i n t e r f e r e n c e  of o b s t a c l e s  
s imula t ing  suppor t ing  masts i s  examined f o r  t h e  base,  both  
ba re  and wi th  a s t i n g ,  a t  Mach 1.94. Without any suppor t ,  
t h e  dray  of a  c o n i c a l - c y l i n d r i c a l  body of r e v o l u t i o n  was 
measured by means of t h e  ONERA magnetic suspension. The 
i n t e r f e r e n c e  of v a r i o u s  s t i n g s  was s t u d i e d  a t  Mach 2.4 
wi th  a  laminary boundary l a y e r  and wi th  a  separa ted  t u r -  
b u l e n t  boundary l a y e r .  The mechanism of t h e  i n t e r f e r e n c e  
of a  s t i n g ,  progress'vely approached a x i a l l y  t o  t h e  base,  
was determined . 
*Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  o r i g i n a l  t e x t .  
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EFFECTS OF SUPPORTS ON THE FLOW BEHIND A BODY 
P. Rebuffe t  
A s s i s t a n t  S c i e n t i f i c  D i r e c t o r  of Aerodynamics 
Onera, France 
1. INTRODUCTION 
The method of  l i n k i n g  t h e  test equipment and t h e  
model t o  be s tud ied  i n  a wind tunne l  should be s e l e c t e d  
by paying s p e c i a l  a t t e n t i o n  t o  t h e  i n t e r f e r e n c e s  gener-  
a t e d  by t h e  presence  of t h e  zupports .  
This  problem which has  cropped up c o n s t a n t l y  s i n c e  
t h e  beginning of aerodynamic exper imenta t ion  has  been 
t h e  s u b j e c t  matter of numerous c r i t i c a l  s t u d i e s .  
I t  i s  need less  t o  say  t h a t  s imple conc lus ions  can- 
n o t  be g iven  when s o  many parameters  a r e  t o  be t aken  in -  
t o  cons ide ra t ion :  Mach and Reynolds range ,  mock-up geo- 
metry, magnitudes to  be measured, e t c .  
Moreover, t h e  arrangements  g e n e r a l l y  adopted most 
o f t e n  r e s u l t  i n  a  compromise. 
Overa l l  measurements a r e  taken t o  demonstrate  t h e  
i n t e r £  erence  of suppor t s  i n  a  s p e c i f i c  case ;  they  a r e  
r e l a t i v e  to  t h e  c o e f f i c i e n t s  of f o r c e s  and moments. 
To d e f i n e  t h e  i n t e r f e r e n c e  process ,  experiments  of 
a n  a n a l y t i c a l  na tu re  are requ i red .  The recording o f  
l o c a l  p r e s s u r e s  g i v e s  i n t e r e s t i n g  elements ,  b u t  i s  is 
o f t e n  a  d i f f i c u l t  o p e r a t i o n ,  i f  it invo lves  smal l -sca le  
t e s t i n g  on a  f u l l - s c a l e  mock-up. For t h e  same purpose, 
v i s u a l i z a t i o n  methods c o n t r i b u t e  g r e a t l y  t o  t h e  under- 
s t and ing  of  t h e  phenomena. 
The v i s u a l i z a t i o n  of f l u i d  f i l a m e n t s ,  e i t h e r  w i t h i n  
t h e  flow, o r  on  t h e  wa l l  of t h e  mock-up i s  commonly prac-  
t i c e d  i n  t h e  wind tunnel .  Many methods adapted  t o  t h e  
o b j e c t i v e  being i n v e s t i g a t e d  ( i n v e s t i g a t i o n  of s e p a r a t i o n s ,  
v o r t i c e s ,  v i s u a l i z a t i o n  of t h e  t r a n s i t i o n )  have been dev- 
eloped f o r  many y e a r s  and adapted t o  eve r  i n c r e a s i n g  ranges.  
Th i s  r e p o r t  i s  o f f e r i n g  a few comments on t h e  r e s u l t s  
p e r t a i n i n g  t o  t h e  i n t e r f e r e n c e  of suppor t s  on t h e  f low of 
a t  t h e  base of a  body i n  a  supersonic  flow. These r e s u l t s  
w e r e  ob ta ined  on t h e  occas ion  of  fundamental i n v e s t i g a t i o n s  
c a r r i e d  o u t  i n  small  wind t u n n e l s  of  t h e  F l u i d  Mechanics 
Labora tory  a t  ONERA. 
The f i rst  t e s t  was performed on a f l a t  base i n  a par-  
a l l e l  p l a n e  flow. Tk.e second test was performed on a body 
o f  r e v o l u t i o n  us ing  a mounting c a l l e d  "upstream s t i n g w .  
used for j e t  s t u d i e s .  The s t i n g  p a s s e s  through t h e  t h r o a t  
of t h e  jet  nozzle from upstream t o  downstream and has  no 
suppor t  i n  t h e  supersonic  r e g i o n  of t h e  flow. 
I n  both cases ,  t h e  s t u d i e s  were tonducted wi th  a t u r -  /2 
b u l e n t  boundary l a y e r .  Obs tac les  s imula t ing  suppor t s  were 
ar ranged upstream o f  t h e  base. An a x i a l  s t i n g  was a l s o  
placed downstream of t h e  body of r e v o l u t i o n .  
I n  t h e  t h i r d  s tudy,  w e  p r e s e n t  t h e  r e s u l t s  obta ined 
us ing  t h e  ONERA magnetic suspension.  
The d rag  o f  a  body of r e v o l u t i o n  was measured wi th  
e x c e l l e n t  p r e c i s i o n  i n  a  supersonic  flow, wi thout  any 
equipment suppor t .  
This  suspension made it p o s s i b l e  t o  s tudy  t h e  mechan- 
i . sm of t h e  i n t e r f e r e n c e  caused by a s t i n g  p r o g r e s s i v e l y  
approaching t h e  base and t o  d e f i n e ,  w i t h i n  t h e  test  
6 
c o n d i t i o n s  (M = 2.4, R = 1 . 4  x 10 1, t h e  "ninimum i n t e r f e r e n c e  
d i s t a n c e "  f o r  differenJ:  s t i n g  d iamete r s  w i t h  a laminar and t u r -  
b u l e n t  boundary l a y e r .  
2. INTERFERENCE OF OBSTACLES ON A BASE I N  A SUPERSONIC PARALLEL 
PLANE FLOW 
When t h e  exper imenta l  s tudy was performed on t h e  phenomena 
governing t h e  base  p r e s s u r e  i n  a two-dimensional f low, it seemed 
i n t e r e s t i n g  t o  demonstrate  t h e  i n f l u e n c e  o f  an  o b s t a c l e  l o c a t e d  
upstream from t h e  base. 
The s tudy was c a r r i e d  o u t  by M r .  S i r i e i x ,  i n  t h e  c a s e  of a 
t u r b u l e n t  boundary l a y e r  approaching a n  a b r u p t  s e p a r a t i o n  pro- 
vided a t  t h e  w a l l  of p a r a l l e l  y i a n e  je t  nozzle,  a t  Mach number 
M = 2 (Reference 1 1 .  
2.1 Experimental Mounting 
The mounting was set up i n  a smal l  b a s i c  r e s e a r c h  wind tun-  
n e l ,  us ing  a hal f -nozzle  M = 3, t e s t  s e c t i o n  80 mm x 80 m, pres-  
s u r e  g e n e r a t i o n  1 atmosphere. F igure  1 shows t h e  g e n e r a l  a r range-  
ments adopted: upper f i x e d  nozzle,  lower p la t fo rm ( i n d i s t i n g u i s h -  
a b l e  from t h e  p l a n e  of  symmetry of  t h e  f u l l  nozzle)  which can  
s l i d e  a long i ts p lane  and provided wi th  a s e p a r a t i o n  shaped li .ke 
t h e  s t e p  of a s t a i r ,  df h e i g h t  h = 20 mm. 
The p la t fo rm was equipped w i t h  p r e s s u r e  p ickups  upstream from 
t h e  s e p a r a t i o n ,  on t h e  base  of t h e  l a t t e r  and downstream. These 
pickups were ar ranged a long t h e  p lane  of symmetry of t h e  p la t fo rm 
and a l s o l a t e r a l l y , u p s t r e a m  from t h e  s t e p  i n  o r d e r  t o  determine 
t h e  un i fo rmi ty  of t h e  f low approaching t h e  s t e p .  
Three t y p e s  of o b s t a c l e s  ( f i g u r e  1) were s t u d i e d .  Thei r  d i s -  
t ance  2 from t h e  s t e p  v a r i e s  wi th  t h e  p la t fo rm displacement ,  
These o b s t a c l e s  g e n e r a t e  f i e l d s  of d i s t u r b a n c e s  which v a r y  w i t h  
t h e i r  n a t u r e  and i n t e n s i t y .  
Obstac le  1 i s  a f l a t  p l a t e  3 mm t h i c k ,  p a r a l l e l  t o  t h e  s i d e  
w a l l s  of  t h e  test  s e c t i o n  and pass ing  through t h e  t h r o a t  of t h e  
j e t  nozzle  from upstream t o  downtream. I t  has  a base  w i t h  a 
sharp  edge and g e n e r a t e s  a r e l a t i v e l y  t h i c k  s l i p  s tream. 
Obstac le  2 i s  made of  t h e  same p l a t e  and i t s  t r a i l i n g  edge 
i s  rendered sharp  ( t o t a l  d i h e d r a l  of l o 0 ) .  The d i s t u r b a n c e s  a r e  
e s s e n t i a l l y  c h a r a c t e r i z e d  by the* 
Obstacle 3 i s  a 3 INU c y l i n d e r  whose d iameter  g e n e r a t e s  a /3 
more complex and i n t e n s e  f i e l d  of d i s t u r b a n c e s ,  w i t h  a t h i n  
s l i p  stream. 
2.2 R e s u l t s  
2.2.1 The boundary l a y e r  approaching t h e  s t e p ,  wi thou t  
any o b s t a c l e  upstream, is  t u r b u l e n t .  I ts  -0nventiona1 t h i c k -  
n e s s  i s  S = 3.1 mm. Th i s  t h i c k n e s s  s h o u l d b e  ob ta ined  on a f l a t  
p l a t e  a t  M = 2, uniform p r e s s u r e  pol t u r b u l e n t  boundary l a y e r ,  
6 f o r  Reynolds number Rx = 1.8 x 1 0  where x i s  t h e  l e n g t h  of t h e  
e q u i v a l e n t  f l a t  p l a t e  ( equ iva len t  Reynolds number). 
2.2.2 The fo l lowing r e s u l t s  concern t h e  base  p r e s s u r e  oc- 
c u r i n g  i n  s t a g n a n t  water ,  upstream from t h e  s t e p .  
The p ressuremeasuredon  t h e  base us inq  d i f f e r e n t  p ickups  
i n  t h e  v i c i n i t y  of t h e  p lane  of symmetry i s  v i r t u a l l y  uniform. 
We w i l l  r e p r e s e n t  t h i s  p r e s s u r e  by pc, w i t h  po being t h e  p r e s -  
s u r e  of  t h e  nondisturbed flow. 
Without any o b s t a c l e ,  pc/oo = 0.33 ( f i g u r e  1). This  va lue  
c o i n c i d e s  s a t i s f a c t o r i l y  w i t h  t h e  exper imenta l  r e s u l t s .  
When t h e  t i p  of  a n  o b s t a c l e  i s  s i t u a t e d  a t  a d i s t a n c e  2 
upstream from t h e  base, t h e  base  p r e s s u r e  changes apprec iab ly .  
I ts  va lue  depends on t h e  o b s t a c ~ l e ' s  d i s t a n c e .  For  a l l  v a l u e s  
t e s t e d  with parameter z/h,, a n  i n t e r f e r e n c e  occurs .  
- 
4 *Or ig ina l  t e x t  incomplete.  
T h i s  i n t e r f e r e n c e  i s  due t o  t h e  d i s t u r b a n c e s  gener-  
a t e d  by t h e  o b s t a c l e .  Th i s  f i e l d  l o c a l l y  modi f i e s  t h e  
c i rcumstances  f o r  t h e  rea t tachment  of t h e  s t e p  downstream. 
Consequently, t h e  base  p r e s s u r e  which reaches  a mean va lue ,  
obvious ly  depends on t h e  t r a n s v e r s a l  dimension of t h e  flow. 
The i n t e r f e r e n c e  caused by t h e  o b s t a c l e  changes s i g n ,  
depending on whether t h e  f i e l d  of  d i s t u r b n a c e s  is e s s e n t i a l -  
l y  c h a r a c t e r i z e d  by compressions o r  expansions r e l a t i v e  t o  
t h e  p ressure  l e v e l  p which i s  i n i t i a l l y  uniform upstream 
0 
f r o m  t h e  s t e p .  
Accordingly, i n  t h e  a a s e  of t h e  c y l i n d r i c a l  o b s t a c l e  
( f i g u r e  I)., t h e  measured base p r e s s u r e  exceeds t h e  r e f e r -  
ence p r e s s u r e  occur r ing  wi thou t  a n  o b s t a c l e  by 30%: i n  t h e  
range of v a r i a t i o n  cons idered  f o r  parameter  I /h,  t h e  shock 
wave of t h e  c y c l i n d e r  i s  r e f l e c t e d  by t h e  s i d e  wa l l s .  I t  
concerns t h e  f low approaching t h e  s t e p  and also t h e  s t ag -  
n a n t  water  r eg ion  downstream from t h e  s t ep .  
When t h e  c y l i n d e r  g e t s  c l o s e  t o  t h e  s t e p ,  t h e  d i f -  
f e r e n c e  on pc/podecreases ,  t h e  d i s t u r b a n c e  f i e l d  a f f e c t s  
a smal le r  a r e a  of t h e  f low and p a c t  of t h e  r e f l e c t e d  d i s -  
tu rbances  move downstream from t h e  i n t e r s e r e n c e  domain: 
The r e s u l t s  ob ta ined  wi th  f l a t  o b s t a c l e s ,  w i t h  o r  
wi thout  sharp  edges,  a r e  ve ry  s i m i l a r :  t h e  base  p r e s s u r e  
pc i s  15% lower than  t h e  r e f e r e n c e  p ressure .  I t  v a r i e s  
l i t t l e  a s  a f u n c t i o n  of  t h e  d i s t a n c e  of t h e  p l a t e ' s  t i p  
t o  t h e  s t e p .  I t  is e s s e n t i a l l y  t h e  f i e l d  of overspeeds 
caused by t h c  expansions which c o n d i t i o n  t h e  i n t e r f e r e n c e .  
The e f f e c t  of  a l a r g e r  s l i p  s tream i n  t h e  case of  a sharp-  
edged p l a t e  i s  riot c l e a r l y  d i s t i n g u i s h a b l e .  
2 .2 .3  I n  conclus ion ,  t h e  presence  of d i f f e r e n t  14 
o b s t a c l e s  ar ranged upstream from a s t e p  i n  a two-dim- 
e n s i o n a l  flow, with t u r b u l e n t  boundary l a y e r ,  produces 
a n  i n t e r f e r e n c e  which n o t i c e a b l y  a f f e c t s  t h e  p r e s s u r e  
a t  t h e  base. The s i g n  of  t h e  i n t e r f e r e n c e  depends es-  
s e n t i a l l y  on t h e  n a t u r e  of t h e  o b s t a c l e .  
Although t h e  numerical v a l u e s  ob ta ined  w i t h  t h e  d i f -  
f e r e n t  o b s t a c l e s  depend e s s e n t i a l l y  on t h e  t r a n s v e r s a l  
dimension of t h e  p a r a l l e l  p l a n e  flow, t h i s  experiment  
shows t h e  importance of t h e  e f f e c t  of a s i d e  suppor t  
l o c a t e d  upstream from a base. 
3. INTERFERENCES OF OBSTACLES ON THE BASE O F  A BODY 
OF REVOLUTI ON 
The s tudy i n  a supersonic  wind t u n n e l  of a f low be- 
hind a n  a i r c r a f t  o r  s p a c e c r a f t  f a c e s  numerous o b s t a c l e s  
i f  w e  want t o  r e p r e s e n t  t h e  jet  e f f e c t s .  
Among these  d i f f i c u l t i e s ,  two o f  them a r e  e s p e c i a l l y  
important :  t h e  supply t o  t h e  e j e c t i o n  nozzle  must be pro-  
vided i n  such a manner t h a t  t h e  f low i n  t h e  v i c i n i t y  of 
t h e  base i s  n o t  d i s t u r b e d .  The waves i s s u i n g  i n  f r o n t  of 
t h e  mock-up must n o t  i n t e r a c t  wi th  t h e  base  a f t e r  r e f l e c -  
t i n g  on t h e  w a l l s  of  t h e  test  s e c t i o n .  
One so lut ionoffered,espec ia l ly  with  f o r  fundamental 
s t u d i e s  i n  wind t u n n e s l  wi th  small  dimensions, c o n s i s t s  of 
suppor t ing  t h e  r e a r  body of t h e  a i r c r a f t  o r  s p a c e c r a f t  by 
a s t i n g  pass ing  through t h e  t h r o a t  of t h e  j e t  nozzle  from 
upstream t o  downstream. Th i s  arrangement may be  r e t a i n e d  
on ly  t o  s tudy t h e  base phenomena i n  t h e  presence  of a t u r -  
b u l e n t  boundary l a y e r  c r e a t e d .  
The mounting can  be made c o r r e c t l y  and e a k i l y  i n  t h e  
i n  t h e  c a s e  of a c y l i n d r i c a l  body p l a c e d  i n s i d e  a spec-  
i a l l y  des igned  r e v o l v i n g  nozz l e .  
I n  t h e  c a s e  o f  a two-dimensional nozz l e ,  t h e  runn ing  
t u b e  which i s  contoured  t o  t h e  bulkhead o f  t h e  body under  
c o n s i d e r a t i o n  c a n  be ' f i x e d '  t o  g i v e  t h e  'upstream s t i n g '  
t h e  shape o f  t h i s  runn ing  tube .  
Such a n  arrangement ,  r e c e n t l y  credted and now be ing  
s t u d i e d ,  should  make l a r g e  d imens ions  p e r m i s s i b l e ,  b u t  t h e  
boundary l a y e r  formed i n  t h e  real f l u i d  c o u l d  be a f f e c t e d  
by t h e  nonuniform p r e s s u r e  a t  t h e  p e r i p h e r y  o f  a s t r a i g h t  
s e c t i o n  o f  t h e  body and t h e r e f o r e  c a u s e  d i s t u r b a n c e s  wi th-  
i n  t h e  nozz le .  
An approximated s o l u t i o n ,  a c c e p t a b l e  f o r  s m a l l  Yach 
numbers, may be r e t a i n e d :  it c o n s i s t s  of  u s i n g  a c y l i n d r i -  
cal  'upstream s t i n g '  by l i m i t i n g  t h e  s t i . n g V s  d i a m e t e r  so  
t h a t  t h e  r e l a t i v e  d imens ions  or  c l e a r a n c e  of t h e  n o z z l e  
remain small. 
3.1 Experimental  Yountinq 
The nnnlinting w i t h  c y l i n d r i c a l  ups t ream s t i n g  was used 
by Mv:. S i e r i e i x  i n  a sma l l  test  wind t u n n e l  a t  ONER9 ' s  
F l u i d  Mechanics Labora tory ;  it i s  noa be ing  p r e f e c t e d .  
The n o z z l e  used  h a s  a s q u a r e  s e c t i o n  o f  120 mm p e r  
s i d e ,  t h e  t h e o r e t i c a l  Mach number i s  1.95 ( g e n e r a t i n g  
p r e s s u r e  1 sat, g e n e r a t i n g  t empera tu re  20°C).  
The upstream s t i n g  h a s  a d i ame te r  of 28 mm, o r  a 
r e l a t i v e  c l e a r a n c e  o f  4.3%. I t  c a n  receive d i f f e r e n t  
t i p s .  
One of them, which extends  t h e  s t i n g ,  has a s t r a i g h t  
base equipped with p r e s s u r e  i n t a k e s  or. one of  i t s  gener- 
s t r i c e s  and on t h e  bcse i n  a n  angu la r  s e c t o r  of  60' ( f i g -  
u r e  2 ) .  The upstream s t i n g ' s  r o t a t i o n  about  i t s  a x i s  
makes it p o s s i b l e  t o  exp lo re  t h e  p r e s s u r e  d i s t r i b u t i o n  
along t h e  circumference of t h e  c y l i n d e r  and over  t h e  e n t i r e  
su r face  of t h e  base. 
A second t i p ,  a l s o  equipped wi th  p r e s s u r e  tn takes ,  
b e a r s  t w o  f i n s  ( f i g u r e  2 )  s imula t ing  a l a t e r a l  suppor t .  
S l i d i n g  elements  make it p o s s i b l e  t o  va ry  t h e  d i s t a n c e  2 
f r o m  t h e  leading edge of t h e s e  f i n s  t o  t h e  base, z/D 
reamining between 0 and 1.5. These f i n s  may be placed 
i n  t h e  p lane  of symmetry of t h e  nozzle  o r  pe rpend icu la r  
t o  t h i s  plane.  
A s t i n g  (.figure 21 may be f a s t e n e d  t o  t h e  t i p  of  t h e  
upstream s t i n g  i n  o r d e r  t o  s imula te  a mounting wi th  a x i a l  
s t i n g ,  wi th  and wi thout  f i n .  
3.2 C h a r a c t e r i s t i c s  of t h e  Flow With An 'Upstream S t i n g '  
I n  t h e  rhombus of measurements, wi th  t h e  upstream 
s t i n g  i n  p o s i t i o n ,  and wi thout  any suppor t ,  t h e  s t a t i c  
p r e s s u r e s  were measured on t h e  s i d e  w a l l s  of t h e  nozzle  
and on t h e  g e n e r a t r i c e s  of t h e  c y l i n d r i c a l  body. 
The s t r i o s c o p i e s o f  t h e  f low do n o t  i n d i c a t e  any l a r g e  
d i s t rubances .  On t h e  c y l i n d r i c a l  body, i n  t h e  v i c i n i t y  of 
t h e  base, t h e  d i f f e r e n c e s  on M r each  * 0.015, t h e  mean Mach 
number being 1.94 ( f i g u r e  3 ) .  
I n  the  p lane  of t h e  base, w i t h i n  t h e  f r e e  flow, t h e s e  
d i f f e r e n c e s  are g e n e r a l l y  between i 0 . 0 1  and 0.02. 
The measurement of t h e  p r e s s u r e  on numerous p o i n t s  
of t h e  base,  performed by r o t a t i n g  t h e  s t i n g  abou t  i t s  
a x i s ,  b r i n g s  t o  l i g h t  t h a t  t h e  base  p r e s s u r e  i s  nonuniform, 
and t h a t  t h e  r e l a t i v e  p r e s s u r e  d i f f e r e n c e s  may be a s  g r e a t  
a s  t0 .06 ,  which is g r e a t e r  than  t h o s e  appear ing  on t h e  
g e n e r a t r i c e s  of t h e  c y l i n d e r  upstream from t h e  base.  
These d i f f e r e n c e s  are much smal le r  (4 t 0.02) when a  down- 
stream s t i n g  i s  mounted on t h e  base  (provided t h a t  t h e  r a t i o  
d/D i s  g r e a t e r  than  0.51 o r  when t h e  f i n s  a r e  loca ted  up- 
stream from t h e  base. 
On a  g e n e r a t r i x  of t h e  c y l i n d r i c a l  body s i t u a t e d  i n  a  
h o r i z o n t a l  plane,  upstream from t h e  bare base, t h e  turbu- 
l e n t  boundary l a y e r  has  a  conven t iona l  t h i c k n e s s  6 = 4 mm; 
t h e  e q u i v a l e n t  Reynolds numt2r, c a l c u l a t e d  w i t h  a  completely 
t u r b u l e n t  boundary l a y e r  i n  a  f low a t  M = 1 .94 ,  uniform 
6  0  p r e s s u r e  p  i s  Rx = 3.5 x 10  . 
0 
3.3 I n t e r f e r e n c e  o f  a  Downstream S t i n g  
The f a c i l i t i e s  o f f e r e d  by t h e  mounting made it p o s s i b l e  
t o  test  a  f a i r l y  l a r g e  number of s t i n g s ,  w i t h  t h e  d iameter  
d/D varying from 0.05 to 0.95. 
Accounting f o r  t h e  un i fo rmi ty  of t h e  base  p r e s s u r e  /6 
mentioned above, t h e  base  p r e s s u r e  w?.s measured i n  a n  angu- 
l a r  s e c t o r  where t h e r e  i s  l i t t l e  p r e s s u r e  v a r i a t i o n .  Th i s  
s e c t o r  was r e t a i n e d  i n  t h e  rest of  t h e  tests, w i t h  h a r e  
base or w i t h  suppor ts .  
The r e s u l t s  obta ined a r e  shown i n  f i g u r e  4 .  W e  have 
shown t h e  r a t i o  pc/po a s  a  f u n c t i o n  of of t h e  r e l a t i v e  
d i a r n e t e r d / ~ o f  t h e  s t i n g ,  where pc i s  t h e  mean base  p res -  
su re .  A second curve  e x p r e s s e s  t h e  same r e s u l t s  i n  t h e  
form of t h e  base  p r e s s u r e  c o e f f i c i e n t  K', = ( p , - p o l / ( %  y p , ~ ; ) ,  
I 
r' 
!i For comparison, w e  matched t h i s  cu rve  wi th  t h a t  deduced from 
p r e f e r e n c e  3, by c o r r e l a t i n g  t h e  base  p r e s s u r e  c o e f f i c i e n t  wi th  t h e  
i' l o c a l  c o n d i t i o n s  of t h e  f low immediately upstream from t h e  base. 
The curve obta ined,  a t  Mach number Y = 1.94, e q u i v a l e n t  R = 
X 
3.5 x  1g6, shows t h a t  t h e  base  p r e s s u r e  is  n o t  g r e a t l y  a f f e c t e d  a s  
long as t h e  s t i n g  d iameter  does  n o t  exceed 0.3. 
When t h e  r e l a t i v e  s t i n g  d iameter  exceeds t h i s  va lue ,  t h e  base 
p r e s s u r e  d e c r e a s e s  slowly, then  qu ick ly ,  and reaches  a minimum d/D 
between 0.8 and 0.9. The base  p r e s s u r e  is t h e r e f - r a  reduced by 18% 
by t h e  i n t e r f e r e n c e .  
The base p r e s s u r e  then i n c r e a s e s  ve ry  q u i c k l y  and reaches  po 
when d / D  is i n  t h e  v i c i n i t y  of  1. 
The s t r i o s c o p i c  v i s u a l i z a t i o n  of t h e  f low shows t h e  fo l lowing 
p o i n t s :  
Without a  s t i n g ,  t h e  v e r y  p r o g r e s s i v e  and e x t e n s i v e  recompres- 
sior: of  t h e  f low o c c u r s  through t h e  waves which f o c a l i z e  a t  a n  ap- 
p r e c i a b l e  d i s t a n c e  from t h e  s l i p  s tream. The s l i p  stream diameter  
i s  abou t  0.7 D, i nc lud ing  t h e  boundary l a y e r .  
A s t i n g  having a  r e l a t i v e  d iameter  of  less than  o r  e q u a l  t o  
0.3, i n  t h e  presence of a  base, dots n o t  g r e a t l y  a f f e c t  t h e  wave 
system a s  t h e  waves f o c a l i z e  much c l o s e r  t o  t h e  edges of t h e  s l i p  
stream. 
When t h e  diameter  i n c r e a s e s  even more, a recompression wave 
appears  and i t s  i n t e n s i t y  i n c r e a s e s  wi th  d/D, t h e  d i s t a n c e  of t h e  
rea t t achment  p o i n t  dec reases  v e r y  r a p i d l y  and t h e  boundary l a y e r  
on t h e  s t i n g  becomes much t .hinner.  The most f a v o r a b l e  r e a t t a c h -  
ment c o n d i t i o n s  lead  t o  lower base p r e s s u r e  v a l u e s ,  owing t o  a  
p r e s s u r e  jump a t  t h e  h i g h e s t  rea t tachment  po in t .  
When t h e  s t i n g  d iameter  approaches t h a t  of t h e  base,  
t h e  va lue  of t h e  d i s t a n c e  from t h e  r e a t t a c h e n t  p o i n t  a t  
t h e  base  becomes low w i t h  r e s p e c t  to  t h e  v a l u e  of t h e  
boundary l a y e r  th ickness .  
3.4 F i n  t Interf  e rence  
The r e s u l t s  shown i n  f i g u r e  5 demonstrate  t h e  i n t e r -  
f e r e n c e  of t h e  f i n s  de f ined  above and which are l o c a t e d  
a t  v a r i o u s  d i s t a n c e s  Z/D from t h e  b se .  
The e s s e n t i a l  remark l ies i n  t h e  f a c t  t h a t  t h e s e  
i n t e r f e r e n c e s  are numer ica l ly  ve ry  d i f f e r e n t  when t h e  
base  i s  bare  o r  when L?F! downstream s t i n g  i s  a t t a c h e d  t o  
it. They a r e  m a l l  i n  t h i e  l a t t e r  conf igura t ion .  
The i n t e r f e r e n c e  i s  moreover q u i t e  d i f f e r e n t  i n  t h e  /7 
c a s e  where t h e  f i n s  are i n  a h o r i z o n t a l  o r  v e r t i c a l  p lane .  
The r e f l e c t i o n s  of t h e  l ead ing  edge and t r a i l i n g  edge f i n  
shocks which a r e  genera ted  on t h e  nozzle  w a l l s  or s i d e  
w a l l s  r e s p e c t i v e l y  do  n o t  seem t o  j u s t i f y  t h i s  d i f f e r e n b e  
which can  be p a r t i a l l y  due t o  t h e  d i s s y m e t r i e s  of  t h e  flow. 
The s t r i o s c o p i e s  i n  f i g u r e  6 make it  p o s s i b l e  to  de- 
termine t h e  mode of  i n t e r f e r e n c e  of t h e  f i n s  wi th  and with-  
o u t  a  s t i n g . ;  
Without a  s t i n g  and f o r  t h e  f a r t h e s t  p o s i t i o n  from t h e  
f i n s ,  Z/D = 1.5, t h e  shock wave i s s u i n g  from t h e  l ead ing  
edge and r e f l e c t e d  by t h e  w a l l s  r eaches  t h e  boundary of t h e  
s l i p  s tream of t h e  base a t  a  d i s t a n c e  from t h e  base  equa l  
t o  abou t  1.5 D and provokes a  l a r g e  i n t e r f e r e n c e  on t h e  
base p ressure .  
With a  downstream s t i n g  a t  t h e  base  ( d / ~  = 0.5). , t h e  
The rea t tachment  on  t h e  s t i n g  occurs  a t  a s h o r t  
enough d i s t a n c e  f r o m  t h e  base s o  t h a t  t h e  r e f l e c t e d  
shock wave does  n o t  i n t e r f e r e  a p p r e c i a b l y  w i t h  t h e  base 
r e s s u r e .  
T h i s  comparison t h u s  g i v e s  a good idea ,  t o  a c e r t a i n  
axent ,  of t h e  i n t e r f e r e n c e  caused by t h e  s p e c i f i c  f i e l d  of 
t h e  f i n s  and by t h e i r  s l i p  stream, excluding t h e  e f f e c t  of 
t h e  r e f l e c t i o n s .  
With a s t i n g ,  t h e  pc v a r i e s  l i t t l e  and v a r i e s  s lowly 
r i t h  t / D  which shows t h a t  t h e  i n t e r f e r e n c e  caused by t h e  
f i n  f i e l d  and i t s  s l i p  s t ream i s  moderate. 
Conversely, t h e  i n t e r f e r e n c e  caused by t h e  r e f l e c t e d  
l ead ing  edge and t r a i l i n g  edge shock waves is l a r g e  and 
v a r i e s  w i t h  Z/D: it modi f i e s  t h e  c o n d i t i o n s  f o r  t h e  re- 
a t tachment  of t h e  jet. Th i s  is another  a s p e c t  of t h e  i n -  
t e r f e r e n c e  of a f inned  suppor t  i n  a wind t u n n e l  wi th  smal l  
dimensions. 
3.5 Obsc- v a t i o n s  
The experiments  which w e  have j u s t  desc r ibed ,  per -  
t a i n i n g  t o  t h e  i n t e r f e r e n c e  e f f e c t s  of  suppor t s  on t h e  
base pressure ,  have no o t h e r  purpose than  t o  draw one ' s  
a t t e n t i o n  tc a f e w  po in t s :  
1 upstream s t i n g  type  mounting i s  convenient. f o r  
t h ~  s tudy  of base  problems i n  t h e  absence o f  any suppor t .  
't seems p a r t i c u l a r l y  s u i t a b l e  f o r  b a s i c  i n v e s t i g a t i o n s  
i n  m a l l  wind tunne l s .  
TPLs q u a l i t y  of t h e  flow must be e x c e l l e n t  i n  o r d e r  
t o  o b t a i n  a uniform p r e s s u r e  a t  t h e  base. If t h i s  p r e s s u r e  
i s  measured on a s i n g l e  p o i n t ,  then  i r r e g u l a r i t i e s  can  
be concealed. 
The d i s t u r b a n c e s  a f f e c t i n g  t h e  domain upstream from 
t h e  j e t s  s rea t t achment  d i s t u r b s  t h e  base  p ressure ,  which 
conf i rms t h e  u s u a l  r u l e  of prevent ing  any d i s t u r b a n c e  
from a f f e c t i n g  a b a r e  base over  a  l e n g t h  of s e v e r a l  d i a -  
meters downstream from t h e  base. 
The effect of a  suppor t  i s  no t  on ly  a  f u n c t i o n  of 
i t s  p o s i t i o n ,  b u t  a l s o  of t h e  dimensions of t h e  t es t  sec-  
t i o n  and of t h e  Mach number, owing t o  t h e  r e f l e c t i o n s  on 
t h e  wal ls .  
4. MEASUREMENT OF THE RESISTANCE OF A BODY OF REVOLUTION 
WITHOUT ANY EQUIPMENT SUPPORT 
For  s e v e r a l  yea r s ,  ONERA has been developing a mag- 
n e t i c  suspension d e v i c e  of a wind tunne l  mock-up f o r  t h e  
purpose of t e s t i n g  a body wi thou t  any equipment suppor t .  
This  suspension t h u s  enab les  t h e  r e s i s t a n c e  of a  
mock-up to  be ob ta ined  wi thout  any i n t e r f e r e n c e  and makes 
it p o s s i b l e  t o  s tudy t h e  v a r i a t i o n  of t h e  mock-up when a suppor t  
such a s  an a x i a l  type ,  f o r  example, p r o g r e s s i v e l y  approach- 
es t h e  base. 
4 . 1  Reminder of t h e  Magnetic Suspension P r i n c i p l e  
The magnetic suspension p r i n c i p l e  s t u d i e d  by M r .  
Tournier  and P. Laurenceau i s  g iven  i n  Reference 4 .  
L e t  u s  simply r e c a l l  t h a t  t h e  mock-up, made of s o f t  
steel, i s  set up p a r a l l e l  to t h e  speed and i t s  p o s i t i o n  
i s  s t a b i l i z e d  by t h e  e lec t romagnet ic  a c t i o n s .  The a r range-  
ments adopted a r e  desc r ibed  below ( f i g u r e  7 ) :  
A horse-shoe e lec t romagnet  has  2 c o i l s  El and E 2 ,  
suppl ied  s e p a r a t e l y  and designed t o  suppor t  t h e  mock-up. 
The l i n e s  of f o r c e s  of t h e  magnetic f i e l d  c r e a t e d  by t h e  
e lec t romagnet  close up i n s i d e  t h e  mock-up which becomes 
magnetized by induc t ion .  
Below t h e  coi ls  E and E2 ,  two h o r i z o n t a l  l i g h t  1 
beams emit ted  by p r o j e c t o r s  pl and P2 a r e  perpendicular  
to t h e  a x i s  of t h e  mock-up and a r e  p a r t i a l l y  hidden by it. 
These beams a r e  r e f l e c t e d  i n t o  p h o t o - e l e c t r i c  cells C and 1 
C By m i r r o r s  M1 and M 2 .  2  
T h i s  d e v i c e s  sets t h e  h e i g h t  p o s i t i o n  of  t h e  mock-up 
and in t roduces  t h e  requ i red  damping time us ing  t h e  e l e c t r i c  
c i r c u i t  desc r ibed  i n  Reference 4:  any change i n  t h e  pos i -  
t i o n  of t h e  mock-up modi f i e s  t h e  luminous f l u x  rece ived  by 
t h e  cel ls  cl and C 2  whose c u r r e r t s  c o n t r o l  t h e  c u r r e n t s  
pass ing  through c o i l s  El and E2 r e s p e c t i v e l y .  
A winding B3 around t h e  test  s e c t i o n  and upstream 
from t h e  mock-up makes it p o s s i b l e  t o  ba lance  t h e  r e s i s -  
t a n c e  of t h e  a i r .  The c u r r e n t  i n  t h i s  c o i l  i s  c o n t r o l l e d  
by t h e  dev ice  Pg t  M3, C3 which sets t h e  a x i a l  p o s i t i o n  of 
t h e  mock-up, t h e  backward motion of which h i d e s  t h e  cor -  
responding l i g h t  beam. 
I n  s i m i l a r  cond i t ions ,  a  h o r i z o n t a l  electromagnet  
has  2  c o i l s  E4 and E5 which p o s i t i o n  t h 8  mock-up a long  
t h e  h o r i z o n t a l  p lane  us ing  t h e  sets P4,  M 4  and P 5' M5r C 5  
and dampens i t s  t r a n s v e r s a l  o s c i l l a t i o n s  ( l a t e r a l  s t a b i l -  
i z a t i o n ) .  
F i n a l l y ,  i f  a  mock-up having no a x i s  of symmetry is 
used, t h e  r o l l i n g  a n g l e  may b e  c a n c e l l e d  us ing  a n  appro- 
p r i a t e  device .  
I n  summary, t h e  magnetic suspension s e r v e s  t o  s t a b -  
i l i z e  t h e  p o s i t i o n  of  a mock-up wi thout  any equipment 
suppor t  and to measure t h e  stresses app l i ed  t o  t h e  mock- 
UP = 
The a p p l i c a t i o n  of  t h i s  method t o  experiments  i n  a 
supersonic  flow, which i s  t h e  s u b j e c t  matter of t h e  t e x t  
below, w a s  l imited t o  a mock-up revolving a t  zero i n c i -  
dence, wi thout  being confronted  wi th  t h e  problem of e l i m -  
i n a t i n g  t h e  mechanical i n t e r f e r e n c e s  between t h e  d i f f e r -  
e n t  components of t h e  aerodynamic torque,  o r  to account  
f o r  ' i t  v i a  t h e  a p p r o p r i a t e  s e t t i n q s .  
4 . 2  Magnetic Suspension Used 
The g e n e r a l  arrangements  of t h e  suspension used a r e  
g iven  i n  Reference 4. 
T h i s  suspension i s  adapted t o  mock-ups of a c e r t a i n  
s i z e ,  t h e  l e n g t h  and diamater  canno t  be less than abou t  
120 and 11 mm r e s p e c t i v e l y ,  u n l e s s  c e r t a i n  e lements  a r e  
modified and new s e t t i n g s  a r e  made*. 
4 .3  Supersonic Tes t  Sec t ion  
An a p p l i c a t i o n  of t h e  magnetic suspension i n  a super-  
son ic  f low and t h e  corresponding aerodynamic s t u d i e s  w e r e  
performed by J. Mirande 151 a t  t h e  ONERA Flu id  Mechanics 
Laboratory. 
A test s e c t i o n  M = 2.4 was s p e c i a l l y  b u i l t  ( f i g u r e  8 ) .  
I t  i s  n o t  n e c e s s a r i l y  made wi th  any steel element and t h e  
use  of metallic p a r t s  i s  l i m i t e d  a s  f a r  a s  p o s s i b l e .  
*The t r a n s o n i c  t e s t  s e c t i o n  i n  which t h e  tests  d e s c r i b e d  
i n  Reference 4 were conducted was s l i g h t l y  t o o  smal l  f o r  
t h e  body t e s t e d .  
The nozzle  was made i n  p l e x i g l a s s  t o  enable  t h e  
l i g h t  beams t o  p a s s  through and t h e  mock-up t o  be ob- 
served. The convergent  and d i v e r g e n t  a r e  b u i l t  i n  a 
wood coa ted  wi th  b a k e l i t e .  The s t i n g  suppor t s  a r e  i n  
b r a s s .  
The nozzle  has a s e c t i o n  85  mm by 85 mm. The Yach 
number i s  equa l  t o  2.42 f420.02 i n  t h e  measuring rhombus. 
4.4 Experimental Process  
4.4.1 S e t t i n g  of t h e  Magentic Suspension 
The magnetic suspension being i n  o p e r a t i o n ,  whi le  
t h e  wind tunne l  i s  n o t  opera t ing ,  t h e  dev ice  used f o r  
measuring t h e  r e s i s t a n c e  i s  s e t  a s  fo l lows:  
Themock-up i s  'set '  on t h e  o p t i c a l  l i f t  beams which 
hold it i n  p lace .  
The known stresses a r e  a p p l i e d  t o  t h e  mock-l~p v i a  a 
h o r i z o n t a l  w i r e  a t t a c h e d  t o  i t s  base, t h e  c u r r e n t  running 
through t h e  r e s i s t a n c e  c o i l  E i s  recorded (or more pre-  3 
c i s e l y  a c u r r e n t  which i s  p r o p o r t i o n a l  t o  it, us ing  a sen- 
s i  t i v e  galvanometer) . 
The r e s i s t a n c e  t o  be measured dur ing  t h e  course  of t h e  
experiments  undertaken d i d  no t  exceed abou t  100 grams. The 
s e t t i n g s  were a d j u s t e d  by i n c r e a s i n g  and dec reas ing  v a l u e s  
and were repea ted  s e v e r a l  t i m e s ,  showicg a n  accuracy of f0.5g. 
4.4.2 Energizing t h e  Wlnd Tunnel 
Themock-upmust be held i n  p l a c e  wi th  an  a u x i l i a r y  
suppor t  throughout  t h i s  opera t ion*,  o the rwise  it would 
* I n  a small b l a s t  wind tunne l ,  M = 7 ,  w i th  a n  empty tank 
downstream from t h e  nozzle,  t h e  energ iz ing  o p e r a t i o n  can  
be performed wi th  t h e  mock-up he ld  by e l e c t r o m a g n e t i c a c t i o n s  a lone .  
escape t h e  a c t i o n  of t h e  magnetic suspension under t h e  
e f f e c t  o f  t h e  v i b r a t i o n s  i t  i s  sub jec ted  t o .  
To p reven t  any f low i n s t a b i l i t y  dur ing  t h e  nozzle  
ene rg iz ing  phase, t h e  mock-up base  i s  capped by a s t i n g -  
shaped hollow support .  A tube  s l i d i n g  i n  t h e  suppor t  
pushes down on t h e  base to  hold t h e  mock-up i n  p o s i t i o n .  
Once t h e  e n e r g i z a t i o n  i s  achieved,  a  c u r r e n t  i s  ap- 
p l i e d  t o  t h e  l i f t  and l a t e r a l  s t a b i l i z a t i o n  e lec t romagnets .  
The s l i d i n g  tube  i s  moved hack downstream, t h e  depress ion  
on t h e  base i s  removed and t h e  r e s i s t a n c e  e lec t romagnet  i s  
i n i t i a t e d .  
The a u x i l i a r y  suppor t  i s  r e t r a c t a b l e  and can  t h e r e f o r e  
be moved backward: t h e  mock-up beccqes charged by t h e  mag- 
n e t i c  suspension. 
V i r t u a l l y  similar o p e r a t i o n s  a r e  performed i n  r e v e r s e  
o r d e r  be fo re  uncharging t h e  system. The a u x i l i a r y  suppor t  
a g a i n  holds  t h e  mock-up i n  p o s i t i o n  t o  avoid any drop i n  
t h e  nozzle.  
4 .4 .3  Adjust ing t h e  Angle of Attack During Opera t ion  
The mock-up i s  a d j u s t e d  u s i n g  a n  o p t i c a l  s i g h t  a t  
ze ro  a n g l e  of  a t t a c k  (mock-up body p a r a l l e l  t o  t h e  a x i s  
of t h e  nozzle)  wi th  p r o j e c t o r s  P1 and P2 which can  be 
p laced p a r a l l e l  t o  each o t h e r .  
4 . 5  R e s u l t s  P e r t a i n i n g  To A Conical -Cyl indr ica l  Mock-Up 
4.5.1 Mock-Up 
The mock-up s tud ied ,  wi th  a  d iameter  of D = 12 mm, 
i s  de f ined  i n  f i g u r e  9. I t  was t e s t e d  a s  such, t h e  s u r f a c e  
being c a r e f u l l y  po l i shed ,  and a l s o  w i t h  a  t r a n s i t i o n  
t r i g g e r i n g  device:  p i t c h  a r e a  0.3 mm, dep th  0.2 mm. 
Severa l  c o p i e s  of t h e s e  mock-ups, i d e n t i c a l  t o  t h e  
f a c t o r y  s p e c i f i c a t i o n s ,  were made and t e s t e d .  
A s l i d i n g  s t i n g  thai: can  move up t o  t h e  base of t h e  
mock-up i s  def ined  i n  f i g u r e  3 .  I ts f r o n t  s e c t i o n ,  of 
d iameter  d,  i s  detachable .  
The d i s t a n c e  between t h e  t i p  of t h i s  i n t e r a c t i n g  
s t i n g  and t h e  base (measured a c c u r a t e l y  us ing  a tele- 
scope) could n o t  be reduced more than  1 mm so a s  t o  n o t  
c u t  o f f  t h e  l i g h t  beam which c o n t r o l s  t h e  c u r r e n t  i n  t h e  
r e s i s t a n c e  c o i l .  
Each of t h e  s t i n g s  o f f e r s  a n  a x i a l  l i n e  which t r a n s -  
m i t s  a  p r e s s u r e  pd measured a g a i n s t  a  r e f e r e n c e  p r e s s u r e  
i n  t h e  v i c i n i t y  of t h e  f low p r e s s u r e  a t  i n f i n i t y  ( e t h y l -  
g l y c o l  manometer). The s t i n g  wi th  t h e  s m a l l e s t  d iameter  
d = 1 m o f f e r s  a  s top-pressure  probe. 
When x = 1 mm, t h e  p r e s s u r e  pd measured by t h e  s t i n g  
can  be i d e n t i f i e d  w i t h  t h e  base  p ressure .  
4.5.2 Nature Of The Boundary Layer During The Course Of 
The T e s t s  
The REynolds number RL c a l c u l a t e d  wi th  t h e  l e n g t h  
6 L = 130 mm of  t h e  mock-up i s  1 . 4  x 10 . 
V i s u a l i z a t i o n s  us ing  acenaphtene subl imat ion  showed 
t h a t  t h e  boundary l a y e r  a t  t h e  base of t h e  mock-ap was 
laminar  and t h a t  it a c t u a l l y  becomes t u r b u l e n t  when t h e  
t r a n s i t i o n  d e v i c e  was used. 
The same c o n i c a l - c y l i n d r i c a l  mock-u- being held  by 
a n  a x i a l  s t i n g  ( d / ~  = O.5), a  boundary l a y e r  sounding was 
performed i n  both  c a s e s  and t h i s  confirmed t h e  n a t u r e  of  
t h e  boundary l a y e r :  laminar  boundary l a y e r  w i t h  a  t h i c k -  
n e s s  of  0.6 mm; separa ted  t u r b u l e n t  boundary l a y e r  a b o u t  
2 mm t h i c k .  
4.5.3 I n t e r f e r e n c e  of A P r o g r e s s i v e l y  Apprnachinq S t i n g  
F igure  1 0  shows t h e  r e s u l t s  ob ta ined  when a s t i n g  
d/9 = 0.5 p r o g r e s s i v e l y  approaches t h e  base of t h e  mock-up 
( t r a n s i t i o n  o n s e t )  and then  moves backward. 
The c o e f f i c i e n t  Cx of t h e  r e s i s t a n c e ,  obta ined by 
measuring t h e  a x i a l  f o r c e  by t h e  magnetic suspension,  i s  
shown a s  a f u n c t i o n  of t h e  d i s t a n c e  x from t h e  s t i n g  t o  
t h e  base . 
W e  s e e  t h a t  C i s  c o n s t a n t  f o r  x/D is  g r e a t e r  than  o r  
X 
equal  t o  3, then  exper iences  a nega t ive  v a r i a t i o n  when x 
dec reases ,  which r e s u l t s  i n  a  l a r g e  i n t e r f e r e n c e  of t h e  
s t i n g .  For x/D < 2, Cx i n c r e a s e s  and s t a b i l i z e s  when x/D 
i s  l e s s  than  0.5. I n  t h i s  c a s e ,  t h e  s t i n g  i n t e r f e r e n c e :  
t h e  d i f f e r e n c e  between t h e  v a l u e  measured wi th  t h e  s t i n g  
being v e r y  f a r  away and wi th  a  s t i n g  1 mm from t h e  base ,  
i s  p o s i t i v e  and equa l  t o  0.02, o r  about  6.3% o f  t h e  resis- 
t ance  wi thout  i n t e r f e r e n c e .  Th i s  i n t e r f e r e n c e  is i n s i g -  
n i f i c a n t  compared t o  t h a t  produced by t h e  s t i n g  when it 
p r o g r e s s i v e l y  moves away from t h e  base*. 
/12 The p r e s s u r e  v a r i a t i o n  pd t r a n s m i t t e d  by t h e  i n t e r n a l  * t 
c a n a l i z a t i o n  of t h e  s t i n g ,  measured s i m u l t ~ n e o u s l y  w i t h  t h e  
r e s i s t a n c e ,  i s  shown i n  f i g u r e  10. The r a t i o  pd/po decreas-  
es r a p i d l y ,  then  s t a b i l i z e s  l i k e  Cx when x/D is  g r e a t e r  
than  0.5. The v a l u e  of pd measured 1 m from the  base  
*See f o o t n o t e  on page 20. 
can be reasonably  cons idered  i d e n t i c a l  to  t h e  p r e s s u r e  pc 
predominating i n  t h e  i n t e r f e r e d  base. T h i s  g i v e s  t h e  
p r e s s u r e  c o e f f i c i e n t  of  t e h  base K - -0.124 and t h e  base  PC 
r e s i s t a n c e  Cxc = 0.124. 
Since t h e  test mock-up has  no t  r e s t r i c t i o n ,  w e  laay 
a s c r i b e  t h e  v a r i a t i o n s  of Cx t o  t h a t  o f  CXc and c i e d u r ~  
from it t h e  v a r i a t i o n  of t h e  base p r e s s u r e  pc when t C e  
s t i n g  g r a d u a l l y  moves backward. The curve  pc/po p l o t t e d  
i n  f i g u r e  10 was t h u s  obta ined.  I t  shows t h a t  t h e  zt *.> 
p r e s s u r e  pd i s  i n d i s t i n g u i s h a b l e  from pc when t h e  sti:q 
moves backward up t o  about  x/D = 0.5. 
The d i f f e r e n c e  between pd and p e s s e n t i a l l y  deno tes  C 
t h e  p rogress ive  downstream recompression of t h e  base  and, 
secondar i ly ,  t h e  k i n e t i c  p r e s s u r e  e f f e c t  when t h e  s t i n g  
moves o u t  of t h e  s t a g n a a t  water.  
F igure  11 shows t h e  v a r i a t i o n  of t h e  c u r v e s  pd/po 
i n  t h e  v i c i n i t y  of t h e  base, obta ined wi th  s t i n g s  of d i f -  
f  e r e n t  d iameters ,  w i t h  laminary boundary l a y e r  and t u r -  
b u l e n t  bodndary l a y e r .  W e  mav no te  t h e  v a r i a t i o n s  of  pd 
i n  both  c a s e s  and a no tab le  d i f f e r e n c e  wi th  t h e  laininax 
boundary l a y e r ,  when t h e  test  i s  performed aga in  s e v e r a l  
 h he test  s e c t i o n  used w i t h  p l e x i g l a s s  s i d e  w a l l s  d i d  n o t  
a l l o w  f o r  s t r i o s c o p i c  v i s u a l i z a t i o n s  of t h s  flow. An ex- 
p l o r a t i o n  of s t o p  and static p r e s s u r e s  i n  t h e  s l i p  s tream 
a x i s ,  w i t h  a  b a r e  base, has  n e t ~ r t h e l e s s  shown t h a t  t h e  
s l i p  stream was s o n c i  on t h e  a x i s  a t  a d i s t a n c e  x/D i s  con- 
g r u e n t  wi th  2.8 (apprec iab ly  t h e  same d i s t a n c e  i n  t h e  lam- 
i n a r  and t u r b u e l n t  boundary l a y e r s ) .  Note simply t h a t  a  
a s t i n g  extended i n  a  suparsonic  s l i p  s t ream should n o t  
cause  a n  i n t e r f e r e n c e ,  b u t  when t h e  s t i n g  reaches  t h e  sub- 
son ic  domain of t h e  s l i p  stream, it produces a recompression 
which propagates  t o  t h e  s t a g n a n t  water  r e g i o n  and t e n d s  to  
i n c r e a s e  t h e  base pressure .  A nega t ive  d r a g  v a r i a t i o n  r e -  
s u l t s .  The s t i n g  approaching t h e  base  c r e a t e s  more complex 
phenomena which would be i n t e r e s t i n g  t o  d e f i n e  us ing  strio- 
scopies .  
times. This  d i f f e r e n c e  a l s o  d e t e c t e d  on t h e  o v e r a l l  Cx 
ob ta ined  wi th  t h e  magnetic suspension s t i l l  does n o t  
+ 
exceed d e l t a  C, = t o .  0035,  o r  -1.5% (laminar  boundary l a y e r ,  
d/D = 0.331,  a va lue  much higher  than  t h a t  ob ta ined  wi th  
t h e  magnetic suspension measurement. I t  t h e r e f o r e  seems 
t h a t  t h e  f low a t t h e  base i s  n o t  s t a b l e  wLan t h e  boundary 
l a y e r  i s  laminar.  
I t  should be noted t h a t  t h e  l e n g t h  x f o r  which pI3 
v a r i e a  l i t t l e  c o r r e l a t e s  wi th  t h e  p o s i t i o n  of t h e  p o i n t  
of t h e  boundary l a y e r  r e a t t a c h m e r t  on t h e  s t i n g  ( l e n g t h  
of t h e  s t a g n a n t  w a t e r ) .  
4.5 .4  I n t e r f e r e n c e  Produced Iising D i f f e r e n t  S t i n g s  
Severa l  mock-ups, a l though  b u i l t  as s i m i l a r  a s  pos- 
s i b l e  and used success ive ly ,  t h e  i n t e r f e r e n c e  e f f e c e s  of 
t h e  d i f f e r e n t  s t i n g s  was demonstrated n o t  by comparing t h e  
curves  Cx, b u t  by t h e  d i f f e r e n c e  d e l t a  Cx between Cx ob- 
t a i n e d  when t h e  s t i n g  moves backward o u t  of t h e  i n t e r f e r -  
ence domain and t h e  Cx i s  measured w i t h  a s t i n g  a t  d i s t a n c e  
X. 
The curves  i n f i g u r e 1 2  show t h e  r e s u l t s  ob ta ined  i n  a 
laminar  and i n  a t u r b u l e n t  flow. The main o b s e r v a t i o n s  
a r e  : 
The i n t e r f e r e n c e  d i s t a n c e  dec reases  when t h e  r a t i o  
d/D decreases ,  b u t  remains of t h e  same order  of nagni tude  
i n  a laminar and i n  a t u r b u l e n t  flow. 
The ;maximuni d e l t a  C, ( a b s o l u t e  v a l u e )  remains s i m -  
i l a r  i n  t h e  two cases .  
However, t h e  i n t e r f e r e n c e  wi th  t h e  s t i n g  movinq 
r i g h t  n e x t  to t h e  base (x = 1 mm) is  much m l l e r  w i t h  
- 
a laminary boundary than wi th  a t u r b u l e n t  boundary. I n  
a t u r b u l e n t  regime, t h i s  i n t e r f e r e n c e  i s  alwavs p c s i t i v e  
when d / D  i s  g r e a t e r  than  o r  equa l  t o  0.33. I n  a l l  c a s e s ,  
t h e  presence of a s t i n g  i n c r e a s e s  t h e  r e s i s t a n c e  of t h e  
mock-up. 
F igure  13  shows t h e  same i n t e r f e r e n c e  e f f e c t s  de tec -  
t e d  by t h e  v a r i a t i o n  of t h e  r a t i o  pc/po. The p r e s s u r e s  
pc were obtained e i t h e r  by d i r e c t  manometric measurement, 
o r  from t h e  r e s i s t a n c e  measured us ing  t h e  magnetic sus- 
pension, where d l e t a  C, r e s u l t s  from t h e  p r e s s u r e  d i f f e r -  
ence a t  t ; base. This  d e s c r i p t i o n  b r i n g s  t o  l i g h t  a 
much g r e a t e r  d i f f e r e n c e  i n  a laminar than i n  a t u r b u l e n t  
flow. 
F igure  1 4  g i v e s  t h e  r e s i s t a n c e  c o e f f i c e n t  C of t h e  
X 
c o n i c a l - c y l i n d r i a l  mock-up from o v e r a l l  measurements and 
t h e  base  r e s i s t a n c e  c o e f f i c e n t  Cxc deduced by measuring 
t h e  base  p ressures .  
The r e s i s t a . ~ c e  va1ues:obtained f o r  d/D = 0 (wi thout  
a king),  a r e  Cx = 0.237 (laminar boundary l a y e r )  and 
Cx = 0.335 ( t u r b u l e n t  boundary l a y e r )  r e s p e c t i v e l y ,  each 
a t  about  f 0.002. 
I t  is i n t e r e s t i n g  t o  show an approximated summary of 
t h e  d i f f e r e n t  t e r m s  involved i n  t h e  r e s i s t a n c e  determin- 
a t i o n :  
Laminar Turbulent  
Boundary Boundary 
Layer Layer 
P ressure  r e s i s t a n c e  (according t o  
t h e  Kopal t a b l e s )  
Calcula ted  f r i c t i o n  r e s i s t a n c e  0.041 0.121 
Measured base r e s i s t a n c e  
Overa l l  r e s i s t a n c e  
These v a l u e s  a r e  i n  e x c e l l e n t  agreement. w i t h  t h e  
o v e r a l l  measurement performed us ing  t h e  majne t i c  sus-  
pension. Note t h a t  t h e  f r i c t i o n  r e s i s t a n c e  was ca lcu-  
l a t e d  us ing  hpproximated formulas (NACA REM E 5 1 H 17 and 
van Driest r e l a t i o n s )  by assuming i n  t h e  t u r b u l e n t  c a s e  
t h a t  a boundary l a y e r  was e s t a b l i s h e d  a s  of t h e  t i p  of 
t h e  cone. 
4.5.5 Comparison wi th  Prev ious  R e s u l t s  
F i g u r e  15 compares t h e  r e s u l t s  ob ta ined  w i t h  t h o s e  
of Reference 3. The base  p r e s s u r e  c o e f f i c i e n t  is c o r r e -  
l a t e d  w i t h  l o c a l  cond i t ions .  
Note t h a t  a t  M = 2, t h e  e f f e c t  of t h e  Reynolds number 
i s  impor tant  i n  t h e  c a s e  of a laminar  boundary l a y e r ,  a s  
shown i n  f i g u r e  16 deduced from t h e  D.A. Chapman tests, 
whi le  it i s  v i r t u a l l y  ze ro  when t h e  boundary l a y e r  is  t u r -  
bulent .  This  Reynolds e f f e c t  e x p l a i n s  t h e  p o s i t i o n  of t h e  
ONERA curve  M = 2.4 wi th  r e s p e c t  t o  t h e  curves  M = 2.9 
of NACA. 
I n  regard  t o  t h e  v a r i a t i o n  of t h e  base Dressure coef-  
f i c i e n t  Cturbulent  boundary l a y e r )  a s  a f u n c t i o n  of d/D 
( f i g u r e  151, a d i f f e r e n c e  appears  a t  h igh  d/D v a l u e s  
and no exp lana t ion  f o r  t h i s  can be found. 
4.5.6 The r e s u l t s  p resen ted  above show t h a t  it was 
p o s s i b l e  t o  perform measurements i n  a supersonic  f low a t  
M = 2.4 on a body of  r e v o l u t i o n  w i t h  any equipment suppor t ,  
us ing  a magnetic suspension, i n  a laminar boundary l a y e r  /A 
and t u r b u l e n t  boundary l a y e r .  
Furthermore, t h i s  suspens ion made it p o s s i b l e  t o  
o f f e r  c o n t r i b u t i o n s  t o  t h e  s tudy  of t h e  prcblem of t h e  
i n t e r f e r e n c e  of a s t i n g  p r o g r e s s i v e l y  approaching a 
base wi thou t  any a u x i l i a r y  suppor t  d i s t u r b a n c e s ,  par -  
t i c u l a r l y  i n  a laminar boundary l a y e r .  
5. CONCLUSIONS 
D i f f e r e n t  o b s t a c l e s  l o c a t e d  upstream from a two- 
dimensional  base  producing a n  i n t e r f e r e n c e  on a base  
p r e s s u r e  whose s i g n  depends on t h e  n a t u r e  and i n t e n s i t y  
of t h e  d i s t u r b a n c e  f i e l d .  
On a body of r e v o l u t i o n  pass ing  through a je t  nozzle  
from upstream t o  downstream wi thout  any s u p p o r t  i n  t h e  
supersonic  flow, r e l a t i v e l y  smal l  d i s t u r b a n c e s  may a o t a b l y  
a f  f e c t  t h e  un i fo rmi ty  of t h e  p r e s s u r e  a t  t h e  base.  
I n  both  cases ,  wi th  t h e  t u r b u l e n t  boundary l a y e r  a t  
a r i g h t  ang le  wi th  t h e  base ,  t h e  e f f e c t  of a n  upstream 
suppor t  is n o t  on ly  a f u n c t i o n  of  i t s  p o s i t i o n ,  b u t  a l s o  
of  t h e  dimensions of  t h e  test s e c t i o n  and of t h e  Mach 
nurnber, a s  a r e s u l t  of t h e  r e f l e c t i o n s  on t h e  w a l l s  of 
t h e  test  s e c t i o n .  
The experiment  performed us ing  t h e  ONERA magnetic 
cuspension made it p o s s i b l e  to  measure, wi thou t  any sup- 
p o r t  i n t e r f e r e n c e s ,  t h e  r e s i s t a n c e  of a c o n i c a l - c y l i n d r i -  
c a l  body of r e v o l u t i o n ,  wi th  e x c e l l e n t  p r e c i s i o n ,  f o r  a 
laminar o r  t u r b u l e n t  boundary l a y e r .  
The i n t e r f e r e n c e  of  t h e  d i f f e r e n t  s t i n g s  i n  t h e  i m -  
mediate  v i c i n i t y  of t h e  base  was s t u d i e d ,  as w e l l  a s  t h e  
mode of i n t e r f e r e n c e  of t h e s e  s t i n g s ,  p r o g r e s s i v e l y  ap- 
proaching t h e  base. 
The minimum i n t e r f e r e n c e  d i s t a n c e  and t h e  v a r i a t i o n  
of t h i s  i n t e r f e r e n c e  i n  magnitude and i n  s i g n  were de- 
termined. 
REFERENCES 
1. S i r e i x ,  M. ,  " I n t e r f e r e ~ c e s  of a n  o b s t a c l e  on t h e  Base 
p r e s s u r e  i n  a p l a n e  p a r a l l e l  supe r son ic  f l o w  (M = 2 ) .  
Br ie f  informat ion ,  L a  Recherche Aeronaut ique,  - 69 (1959).  
2. Love, E. S .  , "Base p r e s s u r e  a t  supe r son ic  speeds  on  t w o -  
d imens ional  a i r f o i l s  and on bo ides  of  r e v o l u t i o n  w i t h  
and w i t h o u t  f i n s  having t u r b u l e n t  boundary l a y e r , "  YACA 
Tehn ica l  Note 3819, 1957. 
3. Chapman, D.A., "An a n a l y s i s  of  base  p r e s s u r e  a t  super-  
s o n i c  v e l o c i t e s  and comparison w i t h  exper iment ,"  NACA 
Report  1051, 1951. 
4. Tournier ,  M. ,  Laurenceau P. ,  "Magnetic suspens ion  of  
a  mock-up i n  a wind tunne l ,  " La Recherche Aeronaut ique 
No. 59. 1957. 
5. Mirande, J . ,  "Measurement of  the r e s i s t a n c e  of a  body 
of r e v o l u t i o n  a t  M = 2.4 us ing  t h e  ONERA magnet ic  sus-  
pension,  " Brief  Informat ion ,  L a  Recherche Aeronau t i q u e  
No. 69 ,  1959. 
ORIGINAL PAGE IS 
OF POOR QUALnv 
) ~ l a t  P l a t e  
V Pressure Intakes 
Half -Nozzle Mounting 
0.2 , I 
Obstods a 
Reference 0 v 
0.3 
Figure 1 - ~ n t e r a c t i o n s  On A Base In  A Plane 
P a r a l l e l  Flow (M = 2 ) .  
Without Ot dtacle  
0, 0 a 
v 
ORIGINAL PAGE 
OF POOR QUALrrV 
Mounting Diagram 
Pressure Intakes On The Base 
strew ~ t i r q  1 Downstream sting L- 
31 20 d = 15 to 26.6 
X,100 
Fin 
Figure 2 - Interact ions  O f  An Obstacle On The 
Base O f  A Body O f  Revolution. 
ORIGINAL PAGE IS 
OF POOR QUALITY 
/ Side Walls 
I 
Figure 3 - Local Mach Numbers On The Generatrices of 
A Body O f  Revolution. 
ORIGINAL PAGE 18 
OF POOR QUALt'W 
Base Pressure C o e f f i c i e n t  
Fiqure 4 - Inter ferences  O f  A S t ing  On The Base 
Of A hody O f  Revolution With A ~ u r b u l e n t ~  
Boundary Layer (Equivalent. Rx = 3 . 5  x 10 1 
ORlGlrVIIL FAG2 ra 
OF POOR ' QUALIW 
F i n s  
- F i q u r e  5 - Interference  o f  A Finned Support On A Body 
O f  Revolu t i o x .  
Turbulent floundary M 
Laver 
d 
Without S t ing  With S t i n g ( E ' ~ 5 )  
Figure 6 - Strioscovies Of The Flow For n i f  ferent  
Fin P o s i t i o n s .  
- . - , -- - -- 
- --- 
- 
ORIGINAL PAGE la 
OF POOR QUALITY 
Figure 7 - Diagram O f  the ONFAA Magnetic Suspension 
OR1GWAL PAGE I8 
OF W O R  QUALI'W 
Figure 8 - Supersonic T e g t  Section * 
With Magnetic Su~pension. 


ORIGINAL PAGE iS 
O f  POOR QUALrrY 
Laminar Roi~ndarv Laver 
Pd 
Turbulent Boundary Layer 
Figure 11 - Pressure Variations A t  The T ~ D  Of
A Sting.  
ORlGiNAL PAGE ig 
OF POOR Q U A L m  
. . 
Laminar - ~ o u n d a r  Layer 
Turbu len t  Boundary Layer 
F l ~ i l r e  1 2  - V a r i a t i o n  Of A ~ t i n q  On The 
R e s i s t a n c e  C o e f f i c i e n t  Cx. 
Oh, ?fi.':, p"  ,- 
..;S f;E 
OF h C i ?  Quk~ r r y  





Measurement of PC 
0 
x Deduced 
A PC C~ 
F i s u r e  1 3  - I n t e r f e r e n c e  O f  A S t i n g  
On The Base P r e s s u r e  
. . ORfGlNAL L,;tci; ,c 
OF POOR QUALIW 
C Xc Deduced From The Base P r e  ssure 
0 q2 0,4 0,6 0#8 
Piuure 14 - Results With The conical-Cylindrical 
Model 
ONERA Magnetic Suspension 0 
D i r e c t  Measurement 
u 
Laminar Boundarv Layer 
-0,04 
Figure  1 5  - Base Pressure C o e f f i c i e n t  With 
Respect T o  The Re la t ive  Sting Diameter. 
0 02 04 06 08 Id 
n 
. 
NACA CHAPMAN Report 1051 A 
- OJ6 
- 032 
- 0,08 M = 2  
-0,04 
I' I I I I I 
4 8 
3 
0 1 6 
1,4.m6 ONERA TESTS 
Figure 16 - E f f e c t  Of The 
Reynolds Number 
. 
a$-.s d = ~ 4  0 
CHAPMAN NACA 
Report 1051 
